Abstract-A novel polarization conversion metasurface (PCM) is proposed and applied to radar cross section (RCS) reduction. The proposed design has the advantage of simple geometry while simultaneously reducing RCS over broadband. The metasurface is created by the combination of an oblique split ring resonator (SRR) and a cut-wire resonator, which is capable of converting a linear polarization state into its orthogonal one. The simulation results show that the 10 dB bandwidth of polarization conversion is obtained in wideband from 9.4 to 19.2 GHz, with an average polarization conversion ratio (PCR) of nearly 100%. Due to the high PCR, RCS reduction of 10 dB can be realized over 60% frequency bandwidth with respect to the equal-sized PEC ground plane. The maximum reduction is 32.8 dB. To validate the simulation results, prototypes of the PCM are fabricated and measured. Excellent agreement between simulations and measurements is achieved.
INTRODUCTION
A lot of attention has been focused on radar cross section (RCS) reduction with the rapid development of stealth technology. Metasurface, as an alternative means, has played an important role in terms of low RCS with a low profile configuration.
Two common methods have been proposed in literature for RCS reduction. One is changing the shape of the object [1] and the other is loading radar absorbing materials (RAM) or coatings [2] . The former one redirects the scattered energy away from the source while the latter one transforms the radio frequency energy into heat. In addition, there are also other techniques for RCS reduction, such as employing frequency selective surface (FSS) radome [3] , as well as loading electromagnetic band-gap (EBG) radio absorbers [4] . Nevertheless, a shared drawback to these methods is narrow bandwidth.
In last few years, there are plenty of applications for RCS reduction by utilizing chessboard configuration based on the passive phase cancelation [5] [6] [7] [8] [9] . In the beginning, Paquay et al. proposed a planar structure consisting of a combination of artificial magnetic conductors (AMC) and perfect electric conductors (PEC) in a chessboard configuration, which has shown the ability of redirecting the backscattering energy away from the boresight direction [5] . However, the bandwidth of RCS reduction is restricted by the in-phase reflection of AMC. To expand the bandwidth, many researches have been done [6] [7] [8] [9] . As an example, a wider RCS reduction band is achieved by means of combining AMCs of different sizes [6, 7] . In [8] and [9] , a method that uses two different types of AMCs was presented.
Recently, designs for RCS reduction based on the principle of polarization conversion have been reported [10] [11] [12] . For instance, Liu et al. proposed and experimentally verified a polarization conversion metasurface (PCM) composed of fishbone-shaped arrays which can generate several separate narrow bands [10] . To overcome the bandwidth limitation, a novel type of PCM is proposed and analyzed in this paper. Based on the polarization conversion strategy, we succeed to replace two different types of AMCs [8, 9] with one structure. The metasurface is created by the combination of an oblique SRR and a cut-wire resonator. Owing to the high PCR, a wide 10 dB monostatic RCS reduction bandwidth from 10.2 to 19.3 GHz is achieved. This paper is organized as follows. In Section 2, the design and principle of the PCM are introduced, which is followed by the fabrication and measurements of the PCM in Section 3. Finally, conclusions are drawn in Section 4.
DESIGN OF THE PROPOSED PCM

Design of the PCM Unit Cell
In [13] and [14] , a cut-wire resonator and a double V-shaped resonator are proposed to realize linear polarization conversion, respectively. Inspired by the researches, a novel type of PCM for RCS reduction is designed in this paper. The unit cell geometry of the proposed PCM and metallic ground sheet separated by a substrate are depicted in Fig. 1(b) . The dielectric layer is selected as F4B-2, with a relative permittivity of 2.65, loss tangent of 0.001, and thickness h = 3 mm. The metallic layer is modeled as a copper film with a thickness of 0.018 mm and electrical conductivity σ = 5.8 × 10 7 S/m. To obtain wide polarization conversion bandwidth, final optimization has been performed. The optimal geometrical dimensions are exhibited in Fig. 1(a) , in which l = 3.05 mm, p = 1.3 mm, w = 0.15 mm, r 1 = 2.15 mm, r 2 = 1.95 mm, r 3 = 1.4 mm and r 4 = 1.2 mm. The periodicity of the unit cell structure is a = 5 mm. In the following, we adopt the definitions of co-and cross-polarization reflection coefficients and the polarization conversion ratio (PCR) put forward from [14] , where the co-and cross-polarization reflection coefficients can be defined as
Here, E xi denotes the electric field of the x-polarized incident EM wave; E xr and E yr indicate the electric field of the x-and y-polarized reflected EM waves, respectively. Then, the polarization conversion ratio (PCR) can be expressed as P CR = r 2 yx /(r 2 xx + r 2 yx ) for x-to-y polarization conversion. Reflection characteristics of the unit cell are carried out by full-wave electromagnetic (EM) simulation software Ansoft HFSS 15.
To verify the effect of the PCM on polarization conversion, the co-and cross-polarization reflection coefficients and PCR of the periodic unit cell under a normally incident wave are illustrated in Fig. 2 . As shown in Fig. 2(a) , the 10 dB bandwidth of polarization conversion is from 9.4 to 19.2 GHz. Within the 10 dB bandwidth, the average PCR reaches almost 100%.
Mechanism of Wideband Polarization Conversion
To investigate the principle of polarization conversion on the PCM unit cell, a schematic diagram is presented in Fig. 3 . The unit cell structure can be regarded as a combination of an oblique SRR and a cut-wire resonator, which can support "symmetric" and "antisymmetric" modes excited by components of the incident field along v-and u-axes, respectively [15] .
Take a normally x-polarized incident wave as an example. The incident wave E i can be decomposed into two perpendicular components along u-and v-axes, respectively. Then, the incident EM wave can be expressed as E i = u E iu + v E iv , and the reflected wave as E r = u E ru + v E rv . In the symmetric mode, the proposed structure behaves as a PEC because of the electric resonance, leading to the opposite phase between E iv and E rv . In the antisymmetric mode, the function can be considered as high impedance surface because of the magnetic resonance, which makes E iu in-phase with E ru . Hence, the synthetic fields for E ru and E rv will be along the y-axes, as demonstrated in Fig. 3(a) . Likewise, the polarization conversion can be realized by the mirror unit cell in Fig. 3(b) .
To figure out the mechanism of wideband polarization conversion with the proposed structure, the surface current distributions on the PCM unit cell and metallic ground sheet are studied at three resonant frequencies of 10.4, 13.1 and 17.5 GHz, respectively, as revealed by Figs. 4(a)-(c) . In the vpolarized case, the currents on the PCM unit cell flow from the cut-wire resonator to the double SRR, which can be viewed as an electric dipole. Differently, in the u-polarized case, the currents on the PCM unit cell flow mainly along the double SRR, which makes the unit cell equivalent to a cut-wire resonator. Moreover, the induced currents on the ground sheet arise from the surface currents on the PCM unit cell. We can judge the resonance type through the directions between the surface currents on the PCM unit cell and the ground sheet. As shown in Figs. 4(a) and (b) , the surface currents on the PCM unit cell are antiparallel to those induced on the ground sheet, which produce the magnetic resonances. On the contrary, the surface currents on the PCM unit cell are parallel to those induced on the ground sheet in Fig. 4(c) , which generate the electric resonance. The multiple resonance characteristic contributes to the wide polarization conversion bandwidth. 
Design of the Proposed PCM
According to the previous analysis, supposing that the x-polarized incident wave is completely converted into its orthogonal one after reflection, the reflected waves produced by the PCM unit cell and the mirror unit cell will be canceled out. Thus, we intend to reduce RCS by arranging the PCM unit cells and the mirror ones in a chessboard configuration.
To validate this hypothesis, a novel type of PCM is designed in a chessboard configuration, as shown in Fig. 5 . The metasurface has an overall size of 70 × 70 mm and contains 14 × 14 unit cells. The PEC ground plane with equal-size is chosen as the reference one.
To study the scattering patterns and energy distribution of the PCM, the monostatic RCS reduction and scattered fields versus frequency for a normally incident wave are illustrated in Figs. 6 and 7, respectively. It can be observed from Fig. 6 that the 10 dB monostatic RCS reduction bandwidth of the PCM ranges from 10.2 to 19.3 GHz while the maximum reduction is 32.8 dB. Additionally, the results from above indicated that the monostatic RCS reduction band is consistent with the polarization conversion band shown in Fig. 2(a) . The slight discrepancy is caused by the finite unit cells and edge effect. For an intuitive view, Fig. 7 presents the 3-D bistatic RCS patterns of the PEC ground and the PCM at 12.5 GHz. Under normal incidence, the RCS is significantly reduced near the normal direction with the appearance of four reflected lobes. That is to say, the RCS reduction near the normal direction is based on redirecting the energy in non-normal direction. Schematic view of the RCS measurement setup in an anechoic chamber.
FABRICATION AND MEASUREMENTS OF PCM
To experimentally verify the design, the PCM is fabricated on a F4B-2 substrate and assembled. Fig. 8 presents a photo of the fabricated prototype. The schematic view of the experimental setup is shown in Fig. 9 , in which three pairs of horn antennas are selected as emitters and receivers to cover the frequency band from 6-18 GHz. These correspond with the following bands: 5.8-8.2 GHz, 8.2-12.4 GHz and 12.4-18 GHz. Considering the limitations of experimental conditions, the measurement is conducted only in the range of 6-18 GHz. Simulations and measurements of the PCM are compared and analyzed in this section. The monostatic RCS patterns are discussed in detail, involving the effect of TE-and TM-polarization under oblique incidences.
Normal Incidence
The simulated and measured monostatic RCS results of the PCM versus frequency for normal incidence are depicted in Fig. 10 . As expected, the measured RCS results match well with the simulated ones except some acceptable discrepancies which can be attributed to the following reasons: 1) the plane wave used in experiment is generated by the far-field radiation from the horn antennas while an ideal plane wave is used in simulation; 2) fabrication tolerance in the measurement setup. 
Oblique Incidence
In view of the measurement results, the monostatic RCS of the PCM and the PEC ground plane with oblique incidence for TE-and TM-polarizations at 12.5 GHz are evaluated in Fig. 11 . To better appreciate the comparison between measured and simulated results, the measured results are presented after a 3 deg misalignment correction. The 3deg misalignment is caused because the sample was placed not strictly perpendicular to the transmitting and receiving antennas. It can be seen that good agreement between simulations and measurements is obtained. Besides, RCS reduction is achieved when the angles of incident wave go within ±18 • for both polarizations. This phenomenon occurs because the PCR of RCS is highly dependent on the incident angles [10] .
CONCLUSION
In this paper, a novel type of PCM for broadband RCS reduction is presented. The unit cell of the metasurface is composed of an oblique SRR and a cut-wire resonator, which shows the ability of converting a linear polarization state into its orthogonal one. The 10 dB bandwidth of polarization conversion is from 9.4 to 19.2 GHz, with an average PCR of nearly 100%. Due to the high PCR, a wide 10 dB monostatic RCS reduction bandwidth from 10.2 to 19.3 GHz is achieved with respect to the equalsized PEC ground planes. For oblique incidences, the structure also works in a certain angle owing to the angular dependence of the PCR of RCS. To experimentally verify the proposed structure, prototypes of the PCM are fabricated and measured. The simulation results agree well with the measurement ones. The proposed metasurface has the advantages of simple geometry and broad band, which shows great potential applications in novel stealth technologies and materials.
